Synopsis:
The structures of Os-SCL7 and Os-SCL7/DNA complex reveal the GRAS 23 domain fold and the DNA-binding and dimerization mechanisms that are key to 24 transcription regulation of GRAS proteins. clear through a number of functional studies (Di Laurenzio et al., 1996, Peng et al., 59 1997, Silverstone et al., 1998) , and a remarkable number of GRAS proteins have been 60 identified in more than 294 embryophyta species (Finn et al., 2010 , Sun et al., 2012 . 61 Most of these proteins play key roles in the transcriptional regulation and signaling 62 transduction related to plant growth and development (Bolle, 2004, Achard et al., 63 2006). Examples include Arabidopsis thaliana DELLA in GA signaling during 64 regulation of plant growth (Peng et al., 1997 , Sun & Gubler, 2004 2008), Medicago truncatula NSP1-NSP2 in DNA promoter regulation for nodulation 66 signaling (Kalo et al., 2005 , Smit et al., 2005 ), Arabidopsis 67 SCR-SHR in regulation of radial patterning for root and shoot (Pysh et al., 1999, 68 Helariutta et al., 2000 , Nakajima et al., 2001 , Lilium longiflorum SCL in auxin and 69 stress-induced signaling (Morohashi et al., 2003 , Sanchez et al., 2007 , phytochrome light signal transduction and plant defense (Bolle et al., 2000, 71 Torres- Galea et al., 2006) , At-LAS in axillary meristem development (Schumacher et 72 al., 1999 , Greb et al., 2003 , and Petunia hybrida HAM in shoot meristem 73 maintenance (Stuurman et al., 2002) . GRAS proteins are of great interest in plant 74 science due to their important and diverse biological roles. 75 By phylogenetic analysis, the GRAS family can be divided into more than ten 76 subfamilies, of which SCL4/7 is one important subgroup (Sun et al., 2012) . In 77 Arabidopsis, SCL4 and SCL7 have similar expression levels under normal growth 78 conditions; however, under stress conditions, SCL7 is up-regulated while SCL4 is 79 down-regulated, indicating that SCL4/7 members could function as transcription 80 factors in response to environmental stresses (Kilian et al., 2007) . Populus euphratica 81 SCL7, an orthologue of At-SCL7, is localized in the nucleus and overexpression of 82 Pe-SCL7 in transgenic Arabidopsis improved its salt and drought tolerance (Ma et al., The GRAS domain is typically composed of about 380 amino acids and contains five 96 highly conserved motifs. The two leucine heptad repeat motifs (LRI and LRII) 97 directly flank the VHIID motif named after the most prominent residues 98 (Supplemental Fig. 1 ). It is suggested that the LR motifs and VHIID motif could be 99 important for protein or DNA interactions. In most members of the GRAS protein 100 family, several additional amino acid motifs are invariant, including the PFYRE motif 101 designated after the conserved amino acids, and the C-terminal SAW motif 102 characterized by three sequential units: W (X) 7 G, L-W and SAW (W (X) 10 W) (Pysh 103 et al., 1999) .
104
Though GRAS proteins have been studied for more than a decade, with their 105 transcription factor activity being at the heart of "green revolution" (Peng et al., 1999) , 106 the mechanism of GRAS proteins is still unclear. A structural description of GRAS 107 proteins is needed to clarify controversy around their functional mechanism(s) and 108 decipher their mode of action in plant-specific physiology processes. The only 109 structure of GRAS proteins determined to date is the GAI N-terminal DELLA domain 110 (residues 11-113) in complex with GA3-bound GID1A (Murase et al., 2008 204-578, except loop residues 261-274 (Fig. 1) . According to previous phylogenetic 139 and sequence analyses, the GRAS domain can be divided into five distinct conserved 140 motifs: LRI, VHIID, LRII, PFYRE and SAW (Supplemental Fig. 1 ). Within the 141 structure, the GRAS domain monomer contained an eight-stranded mixed β-sheet 142 (B1-B9) with an accessory small β-stand B6, and twelve ɑ-helices (A1-A12) as well 143 as five3 10 helices (η) (Fig. 1D ). The GRAS domain was composed of cap and core According to a body of phylogenetic analyses, the LRI domain has two units: a 167 comparatively conserved leucine repeat unit and a putative nuclear localization signal 168 (NLS) unit. In the Os-SCL7 structure, this motif was composed of ɑ-helices A1, A2 169 and A3, forming an anti-parallel 3-helix bundle with a hydrophobic core in the centre.
170
Among these hydrophobic residues, L224, L229 at helix A2 and L258, L254 at helix 171 A3 formed leucine zipper pairs, respectively. In Os-SCL7, the NLS signal with a 172 canonical bipartite NLS sequence, featuring the basic amino acids R245 and 173 R256/R257, was exposed on the protein surface of helix A3 ( Fig. 2A) . 
PFYRE motif

191
The PFYRE motif contains three parts sequentially: P, FY and RE. In the structure, these residues were not well conserved. Within the structure, the PFYRE The SAW motif is defined by the sequence signatures of WX 7 G, LXW and SAW and 200 is well conserved in Os-SCL7. In the structure, the SAW motif formed a well-folded 201 C-terminal domain, composed of A11, A12, B7, B8 and B9 (Fig. 2C) . Helix A12 202 formed an anti-parallel helix-helix interaction with A5, and thus together with A6 and 203 A7 formed an extended ɑ-helical layer of the ɑ/β/ɑ sandwiched core sub-domain.
204
Strands B7, B8 and B9 formed an anti-parallel β-sheet (Fig. 1A) .
205
In total, the core sub-domain was an extended Rossmann fold ɑ/β/ɑ sandwiched 206 conformation composed by the tightly packed VHIID, LHII, PFYRE and SAW motifs. size-exclusion chromatography (Supplemental Fig. 3 ). In the crystal structure, the 218 Os-SCL7 side-by-side dimer was formed by the crystallographic 2-fold symmetry 219 axis (Fig. 3 ). This dimer interface had a buried surface area of 1346. (Fig. 4C) . The DNA association was mainly contributed by helix A4, 235 loop between A9 and A10, and loop between A12 and B7, with basic amino acids 236 K284, R478, R485, K549 and K551 at the protein-DNA interface (Fig. 5) . By 237 comparison with the dimer structure of Os-SCL7, the Os-SCL7/DNA complex 238 structure had a conformational change upon DNA binding, with the groove expanded 239 around 6.4Å in width (Fig. 4B) . (Fig. 6B) , indicating a specific interaction of 247 Os-SCL7 and our designed oligonucleotide. Therefore, our work provides direct in 248 vitro evidence for Os-SCL7 binding to DNA and implies that Os-SCL7 may function 249 as a transcription factor with direct DNA binding capability.
250
To further assess the reliability of the DNA binding site defined by the Os-SCL7/DNA 251 complex model, the above-mentioned binding site residues R478, R485, K551, K549, (Fig. 2A) . L 414 YHLL 418 , which is highly conserved among the SCL7 protein 294 family members from different species, forms an independent 3 10 helix exposed at the 295 surface of a groove positioned between the N-terminal layer and the core sub-domain.
296
In addition, it is located at the loop between B4 and A8, linking the LRII and PFYRE 297 motifs ( Fig. 2A) . This location grants the L 414 YHLL 418 motif particular flexibility and GA signaling, though the plant GRAS proteins appear to lack methyltransferase 272 activity and the residues critical for specific substrate interaction (Zhang et al., 2012) . (Itoh et al., 2002 , Cui et al., 2007 , Heo et al., 304 2011 , Zhang et al., 2011 , Gobbato et al., 2012 , Murakami et al., 2013 , Xue et al., 305 2015 . Here, our structure of Os-SCL7 was determined in a dimer with helices A12, 306 A7' and A6' at the dimer interface. This information should provide insight into the 307 interaction mechanism for dimer formation of many GRAS proteins.
308
METHODS
334
Protein expression, purification, and crystallization
335
The sequence encoding the GRAS domain of GRAS protein SCL7 from Oryza sativa 336 (residues 201-578) was cloned into the modified pET32a vector (Novagen) 337 (Supplemental Table 1 ) and over-expressed as selenomethionyl protein in the E. coli with HKL2000 (Otwinowski & Minor, 1997 further refined in Phenix (partial electron density map shown in Supplemental Fig. 4) . 365 The final model contains residues 204-587, except loop residues 261-274, with 366 refinement statistics summarized in Table 1 . The Ramachandran statistics were 367 calculated with Procheck (Laskowski et al., 1993) . Structural superimpositions were 368 complemented by manual sequence alignment and CCP4 LSQ superposition (Winn et 369 al., 2011) . Figures were produced with Pymol (www.pymol.org). The solvent 370 accessible surface area and buried surface area was calculated using the PISA server. The docked protein-DNA complex was further optimized using Tinker 4.2 (Ponder 387 2004, http://dasher.wustl.edu/tinker) with the amber 99SB force field (Hornak et al., 388 2006) until the root-mean-square energy gradient was below 1.0 kcal mol -1 Å -1 . 
